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Abstract: A detailed study of the pump-intensity dependent characteristics of an all-inorganic
CsPbBr3-in-Cs4PbBr6 quantum dot (QD) color converter are reported. This is an attractive
material to color convert UV/blue GaN optical pump sources for digital lighting applications,
e.g. visible light communications (VLC). It demonstrates narrow spectral emission (522 nm
peak emission and < 20 nm full-width-at-half-maximum), invariant with the pump power density
(from 0 to 7.15 kW/cm2). The optical bandwidth increases, from 10MHz at 300 µW/cm2, up to
22MHz at 3W/cm2, and 41MHz at 7.15 kW/cm2. This acceleration of the emission is ascribed to
both an increase of the radiative decay rate in the low-pump-density regime, and to the emergence
of non-radiative pathways at higher pump density. The higher bandwidth at high-pump density
enables a 30% increase in the data rate of a free space VLC link using this color converter.
Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.
1. Introduction
Luminophores pumped by efficient blue GaN lasers or LEDs are enabling solid-state optical
sources for displays, lighting and illumination, and they now have a role to play in emerging
digital lighting applications, such as visible light communications (VLC) [1,2]. In this context,
alternatives to phosphors, typically used for color conversion of GaN devices, are being
explored to address the bandwidth issue of phosphor-converted sources that severely limits
their capability [3,4]. These alternatives include semiconductor quantum well structures [5,6],
organic semiconductors [7] and quantum dots (QDs) [8–10]. The latter are particularly attractive,
combining high efficiency, narrow emission linewidth and faster dynamics than conventional
phosphors, partly thanks to enhanced density of states and electron/hole wavefunction overlap
[11]. The luminescence lifetime of QDs is wavelength- and alloy-dependent and perovskite
semiconductor QDs, first reported only 4 years ago [12], promise the shortest lifetimes and
consequently the fastest color conversion dynamics [11].
All-inorganic metal halide perovskite colloidal QDs of the form CsPbX3 (X=Cl, Br or
I or a combination thereof) were first reported by Protesescu et al. [12], enabling efficient
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emission across the visible spectrum, and have since been demonstrated in LEDs [13] and even
as color converters for VLC [9,10]. When prepared as colloidal dispersions, these QDs are
invariably stabilized by an organic ligand shell surrounding the inorganic core, and the term
‘all-inorganic’ refers to the absence of organic cations in the core [14–17]. A disadvantage
of these conventional perovskite QDs is their limited thermal and moisture stability although
approaches can mitigate the issue [14,18]. On the other hand, reports on Cs4PbBr6 have shown
that this material can exhibit highly efficient green luminescence and enhanced stability [19].
Cs4PbBr6 does not have a perovskite structure but is sometimes called 0D perovskite by analogy
because [PbX6]4− octahedrons are isolated in the crystal, resulting in a higher bandgap than for
CsPbX3, and giving band edge emission in the UV. The origin of the green luminescence has
therefore been the subject of extensive debate in the literature. The most plausible explanation is
the formation of CsPbBr3 QDs within the Cs4PbBr6 host, and we refer to this nanocomposite
system as ‘CsPbBr3-in-Cs4PbBr6’ QDs in the following discussion. Strong arguments for this
nanostructure and origin of the green luminescence were presented in Akkerman et al.’s paper,
including a comprehensive critique of previous literature [20]. CsPbBr3 QDs can form with
an endoepitaxial relation to the host phase, and the CsPbBr3/Cs4PbBr6 interface may have
a large influence on their optical properties. Akkerman et al. note that most samples show
luminescence spectra similar to colloidal CsPbBr3 QDs 8-15 nm in diameter. They interpret the
shift of emission from the blue to the green during growth of large Cs4PbBr6 crystals [21] as
demonstrating thermodynamic instability of smaller CsPbBr3 QDs formed initially. Other groups
have also reported on the synthesis of similar materials with X-ray powder diffraction (XRPD)
and transmission electron microscopy data supporting this CsPbBr3 QDs in Cs4PbBr6 structure
[21,22]. As a truly all-inorganic system, CsPbBr3-in-Cs4PbBr6 QDs promise enhanced stability
compared to colloidal quantum dots because the CsPbBr3 QDs are ‘ligand-free’ and inherently
encapsulated in a higher-bandgap semiconductor material. Indeed, this material was shown to
have high thermal stability when demonstrated as a laser gain material [19]. In addition, the
high dielectric constant of this environment is in principle beneficial to lower the QDs’ radiative
lifetime. These properties also make it very promising for green color-conversion in VLC-like
applications. However, to our knowledge, it has never been studied in that context prior to this
work.
Herein, we report on such CsPbBr3-in-Cs4PbBr6 QDs for fast color conversion, i.e. for
applications necessitating higher bandwidth than could be obtained from typical phosphors. After
a description of the materials and methods, we present in detail the dynamic optical characteristics
for a 450 nm pump power density up to 7.15 kW/cm2. This range covers the likely pump density
regimes when implemented with GaN LEDs and laser diodes in applications. Prior work on color
conversion for VLC often overlooked the effect of the excitation density, which can be critical for
QDs as we will demonstrate in this paper. Building on our study of photophysical properties,
a free space point-to-point VLC link was demonstrated with the CsPbBr3-in-Cs4PbBr6 QDs
excited at two different density regimes, when pumped respectively with a 450 nm µLED and a
450 nm laser diode.
2. Material and methods
2.1. QD material and color converters
CsPbBr3-in-Cs4PbBr6 QDs were grown by a room-temperature, non-aqueous solution method.
More details on the synthesis, including XRPD characterization, can be found in [19,23]. The
material consists of crystals with typical sizes up to hundreds µm and photoluminescence quantum
yield (PLQY) up to 55% [19,23]. Figure 1(a) shows an example of such a crystal placed on a
SEM sample holder and illuminated by UV light. The crystals were ground to a finer powder for
further processing, leading to particle sizes of a few microns (see scanning electron microscope
(SEM) images in Fig. 1(b)).
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Fig. 1. (a) Image of a large crystal, under UV light excitation; (b) SEM image of crystal
powder; (c) Normalized CL spectra from the surface of the crystal on top left; Inset: CL
spectrum of the crystal on an area with less contribution from the 382 nm peak; (d) PLE of
the powder in toluene (centered at 520 nm).
Cathodoluminescence (CL) measurements were conducted on the synthesized crystals using a
homebuilt system based on a FEI Quanta 250 (environmental) SEM [24]. The crystal shown in
Fig. 1(a) was imaged by SEM and the nominal 5× 5 µm2 area in the center of the picture was
selected for CL analysis.
The resulting CL spectrum is presented in Fig. 1(c), where 3 different features are visible: a
peak at 522 nm; a peak at 382 nm; and a wide band between ∼330 and 450 nm, visible in the inset
(corresponding to an area with less contribution of the 382 nm peak). It is assumed that the broad
band in the UV (330 - 450 nm) comes from radiative recombination involving the two lowest
excited state levels of Pb2+, as typically observed in Cs4PbBr6 [25], Cs4PbCl6 [26], KPb2Cl5
[27] and RbPb2Cl5 crystals [28]. The peak at 382 nm corresponds to the band-edge emission of
Cs4PbBr6 [29]. The 522 nm peak is attributed to the confined CsPbBr3 QDs.
Photoluminescence Excitation (PLE) analysis of the powder dispersed in toluene was also
conducted using a Horiba Jobin-Yvon Fluorolog-3 spectrofluorometer. The emission at 520 nm
was recorded while the excitation wavelength was scanned. The resulting profile can be observed
in Fig. 1(d), in line with what was reported for colloidal Cs4PbBr6 [30,31]: the excitation profile
increases below 510 nm until 340 nm, below which the excitation profile takes a dip centered at
315 nm, corresponding to the 1S0→ 3P1 transition of Pb2+ centers [32,33].
To prepare the color converting samples, the powder was mixed with poly(methyl methacrylate)
(PMMA) inside a glass vial at a mass ratio of 20% (crystal powder to PMMA). Chloroform
was added to the mix using a micro-pipette to achieve a final ratio of the mix to solvent of
250mg/mL. A magnetic stirrer was placed inside the vial to mix the crystal powder, PMMA and
chloroform, and left stirring overnight. 10 µL droplets of the solution were then poured onto a
glass slide and left to dry in air; an example of one such sample can be observed in Fig. 2. After
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all measurements were done, the sample was cut in half, and photographed in cross-section, next
to a silicon wafer. Knowing the silicon wafer thickness, the thickness at the center was estimated
at 170± 15 µm. The extinction is ∼80% for light at 450 nm. The absolute quantum yield of the
sample at 1W/cm2 excitation density is 50%.
Fig. 2. a – Setup used for µLED pumped color conversion. The µLED’s blue emission (1)
is focused by two lenses (2) into a color converting sample (3). The sample’s green emission
is then focused by a second set of lenses (4), goes through an optical filter (5) that filters the
blue emission and is detected by an APD (6), or other detector (power meter, spectrometer).
Photographs of the sample under UV (b) and white light (c) illumination.
2.2. Color converter characterization set-ups
The color converter sample was characterized under both µLED and Laser Diode (LD) pumping
(450 nm emission wavelength for both) for a pump power density ranging from just above
10mW/cm2 up to 7.15 kW/cm2. Measurements taken include optical spectra, optical power and
frequency response of the PL. These measurements and the associated set-ups are detailed next
while results are shown and discussed in section 3.
The optical setup used for µLEDpumping (Fig. 2(a)) consists of 2 aspheric lenses (diam.= 45mm;
f= 32mm; NA= 0.612; AR coating 350-700 nm) used to image the emission of the µLED onto
the color-converting sample (Figs 2(b) and 2(c) show the sample). A second set of lenses collects
the sample emission in the forward direction onto the detector of choice for a specific type of
measurement (optical power, spectrum or bandwidth). The set-up is slightly different for LD
pumping in order to adjust the spot size, and hence the power density on the sample, while
staying below the damage threshold of the PMMA composite (above 7.5 kW/cm2). In that case,
only one of the aspheric lenses described above focuses the LD emission on the sample, with the
color-converted emission refocused by two aspheric lenses onto the detector.
The profile of the pump light (µLED and LD) hitting the sample was measured with a Thorlabs
Camera Beam Profiler (BC106N-Vis-M). For the LD, the first order of the intensity profile in the
vertical and horizontal transverse directions was fitted with a Gaussian function, and the distance
between the two points of the function at 1/e2 of the maximum intensity was taken as double the
waist of the beam for each direction (2ωX and 2ωY respectively). In the area defined by these
points, 86% of the total power is accounted for, and the pump size A can be calculated according
to [34] as:
A = pi · ωX · ωY (1)
For the µLED, the profile data was best fitted with two cumulated Gaussian functions instead
of one. We kept the definition of the beam width as the distance between the two points of
intensity 1/e2 of the maximum of this combined fit; 77% of the total power is comprised within
an enclosure of area A in this case. It should also be noted that we considered the average power
Research Article Vol. 9, No. 8 / 1 August 2019 /Optical Materials Express 3508
density over the whole spot size, and not the power density on-axis (center of the beam), where
the intensity is twice as high for a Gaussian beam.
From these measurements and calculations resulted two regimes of excitation in continuous
wave illustrated in Fig. 3: one between 0.75-3.0W/cm2, for a µLED spot size of 0.3mm2
(Fig. 3(a)), and a second one between 1.05-7.15 kW/cm2, for a LD spot size of 928 µm2 (Fig. 3(b)).
To account for beam divergence within the 170 µm thick sample and error in placing the sample
at the focal point, the power density was averaged± 500 µm either way of the focus along the
optical axis. The power densities on the extremes of this range are 58% lower relatively to the
focal power density, which is within the error bars for the power density at focal point.
Fig. 3. Optical power density vs current for µLED (a) and LD (b).
The µLED was fabricated in house and has an emitting area of 100 x100 µm2 [35], while the
LD was an OSRAM PL450b. Both sources emit at 450 nm, in energy below the bandgap of
bulk Cs4PbBr6 [16], hence CsPbBr3 QDs are directly excited. A LabView script controlled a
Yokogawa power source that drove the µLED, as well as a Thorlabs PM100A Coherent Power
Meter connected to a C120VC power meter head (∼94mm2 active area) for optical power
characterization of the sample under µLED pumping. The LD was driven by the same power
supply and cooled with a Peltier cell and a TED200C temperature controller. A Newport 818
SL/DB silicon detector connected to a Newport 1830C power meter was used to collect the
optical power from the LD and the color-converting sample excited by the LD. For the spectral
characterization, a fiber-coupled spectrometer (Ocean Optics USB4000) was used in the place of
the power meter.
The bandwidth measurements were performed using the same setups described above, but with
a fast photoreceiver (Femto HAS-X-S-1G4-SI, bandwidth up to 1.4GHz) detecting the emission
of the color converter. The pump source (µLED or LD) was driven by an AC+DC signal. A
power source supplied the DC signal to a Bias Tee, where it was added to the AC signal from an
HP 8753ES S parameter Network Analyzer. This AC signal is a sine wave whose frequency is
varied from 100 kHz to 1GHz. The network analyzer reads the detector’s response and compares
it to the input signal, plotting the electrical power of the AC signal versus frequency. Varying the
DC component between 20-200mA (in 10mA increments) for the µLED and 45-150mA (in
5mA increments) for the LD, the frequency response of the sample was characterized at different
pump power densities.
The PL emission lifetime of the sample was also measured to estimate the bandwidth at a very
low power density using a fluorescence lifetime spectrometer (Edinburgh Instruments mini-τ,
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Time Correlated Single Photon Counter – TCSPC). In this system the excitation source is a 128
ps pulsed diode laser (Edinburgh Instruments EPL 450 picosecond) with a 200 ns repetition
rate. The excitation power density of the TCSPC LD at the sample was determined to be ∼
0.1mW/cm2 by the same method used previously for the µLED and LD.
2.3. Frequency response analysis
To retrieve the optical bandwidth of the color converter, the frequency response in dB of the
pump source (µLED or LD) was removed from that of the color converter, and the result was
fitted according to the model described below. The optical bandwidth is defined at the frequency
at which the fitted electrical power data has dropped by 6 dB of the DC value. To analyze the
frequency response (FR) of the sample, the model given in [36] was followed, where the FR of a
color converter under modulated pump is given by (2),
FR(f ) = 2 · 10 · Log
(√
n(f )2 + D(f )2
)
(2)
where the terms n(f ) and D(f ) are given by (3) and (4):
n(f ) =
∑
i
αi ·ω ·τ2i
1+ω2 ·τ2i∑
i αi · τi
(3)
D(f ) =
∑
i
αi ·τi
1+ω2 ·τ2i∑
i αi · τi
(4)
The multiplication by 10 and the logarithm in (2) serve to convert to decibels, while the x2
multiplication factor comes from the fact that FR(f ) is the electrical power of the AC amplitude.
The optical bandwidth (f−6db) versus excitation power density was extracted from this analysis.
The average lifetime τ˜ and optical bandwidth (f−6db) are related by (5).
f−6db =
√
3
2 · pi · τ˜ (5)
τ˜ can be expressed as a set of n exponential decays, with respective lifetime τi and amplitude αi ,
which also appear in (3) and (4), according to Eq. (6) [36]:
τ˜ =
n∑
i
ai · τ2i
ai · τi (6)
Figure 4 shows examples of the FR of the color converter and respective fits for 1.3 and
7.15 kW/cm2, for LD excitation. The FR and respective fittings are vertically shifted to provide a
clear comparison between different excitation power densities. The model to fit the frequency
response was applied assuming a triple exponential decay model, in line with the model used for
TCSPC interpretation (see section 3). From the increase in power density it is evident that the
bandwidth of the material increases as well, as the frequency response starts to drop at higher
frequencies. The reasons for such behavior are detailed in section 3.2.
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Fig. 4. Frequency response of the sample under LD excitation.
3. Results
3.1. Optical spectra and optical power
The emission spectrum of the sample was acquired at different excitation power densities. Under
µLED excitation, the emission was centered at 522 nm, with a FWHM of 20 nm (not shown).
Under LD excitation, the emission is centered at 521 nm for a FWHM of 18 nm (see Fig. 5). As
the pump power density increases from 1.3 to 7.15 kW/cm2, the spectrum remains stable, with
the central peak shifting by less than 1 nm (inset of Fig. 5), which is below the resolution of the
measurements. The FWHM broadens slightly to 20 nm. Such a narrow emission (∼18 nm versus
the 30 to 40 nm or more typical of II-VI or III-V QDs [37]) is ascribed to a small heterogeneous
linewidth and is typical of CsPbBr3 QDs. It is an advantage for color purity, but the key result
here is that these spectral characteristics are stable over a wide range of pump densities. Such a
stable emission spectrum is due to the electronic structure of CsPbBr3 leading to a temperature
independent band edge emission [19].
Fig. 5. Spectral emission under LD excitation for different power densities. Inset: position
of the central maximum and FWHM for different power densities.
The relative efficiency of the sample is shown in Fig. 6(a) and its output power emitted in
the forward direction and collected is plotted in Fig. 6(b) using a log-log scale. As the pump
density increases, so does the color-converted power (‘Optical power’). The slope of the linear
fits at different power density regimes gives an indication of the dependence of the optical
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power on the pump density (linearly dependent on the carrier density), which follows a power
law. At pump density below 3W/cm2, corresponding to µLED excitation, the slope is close
to unity at 0.92± 0.04, indicating no change of the recombination dynamics within this range
of power density. This is also consistent with the relative color conversion efficiency. The
relative efficiency depends on the quantum efficiency (η), which is a function of the radiative
recombination time (τr) and the non-radiative recombination time (τnr) [38]:
η =
τr
−1
τr−1 + τnr−1
(7)
Fig. 6. (a) Normalized forward efficiency for µLED and LD. (b) Log-log plot of the optical
power (black squares), vs pump power density for µLED (left) and LD (right); the linear fits
(red and green) show the optical power follows a power law with excitation power density.
The denominator of Eq. (7) corresponds to the recombination rate, encompassing the radiative
rate (τr−1) and non-radiative recombination rate (τnr−1). Even though not all light emitted
from the sample is collected, the relative color conversion efficiency is defined as the ratio
between output and absorbed optical power from the color converter; the latter being the output
power from the pump multiplied by the sample’s extinction at 450 nm. Because the relative
efficiency is dependent on the set-up parameters it is here normalized to the highest efficiency
value for both µLED and LD pumping regimes. It is plotted versus the excitation power density
(Fig. 6(a)). Under µLED excitation, the relative efficiency is constant, within the± 10% error
margin. The apparent decrease of the values is attributed to small variation of the LED power
calibration – however it is below the error margin. With the set-up, the relative forward efficiency
is 10.1± 1.6%.
Under LD excitation, the optical power versus power density is linear up to 2 kW/cm2, with a
slope of 1.06± 0.06. It becomes sublinear for higher pump densities, the slope on the 2 kW/cm2
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to 7.15 kW/cm2 range being 0.51± 0.02. This behavior is indicative of a change in recombination
dynamics, caused by a change in the ratio between radiative and non-radiative components, and
the respective associated lifetimes. This change in recombination dynamics is also observable
from the evolution of the relative color conversion efficiency: it drops by more than half from 1.0
(10.7± 0.1% forward efficiency) to 0.44 (4.7± 0.1% forward efficiency). We will see in section
3.2 that this behavior connects with an increase in the non-radiative recombination rate at high
pump density.
In terms of power conversion performance under µLED pumping, these inorganic perovskite-
based color converters perform similarly to green-emitting CdSSe/ZnS colloidal QDs tested
under similar conditions [8]. At present, to our knowledge, there is no available data with which
to compare the performance of these color converters under LD pumping.
3.2. Bandwidth characteristics
The color converter frequency response at different pumping density regimes is discussed here.
The bandwidth at the lowest pump density was obtained by TCSPC measurement. The PL
decay of the sample was obtained by reconvoluting the instrument response and the sample’s
decay signal. A sum of three exponential functions of the form
I(t) =
3∑
i=1
αi · e−t/τi (8)
was used to fit the decay as this proved to be the model that provided the best fit with the least
number of exponentials, and is in line with what is reported by other groups for CsPbBr3 QDs
[39]. Table 1 displays the parameters of this fit. Decay constants of around 1, 8 and 46 ns were
obtained, with weights of 52, 42 and 7%, respectively, placing the average lifetime according
to (6) at 25.4 ns. This corresponds to a bandwidth of ∼11MHz as is given by (5), for a power
density of ∼0.1mW/cm2.
Table 1. Parameters for triple-exponential fits to TCSPC measurements
τ1 (ns) a1 (%) τ2 (ns) a2 (%) τ3 (ns) a3 (%) τ˜ (ns)a Bwdth (MHz)b
1.2 52% 7.7 41% 46.2 7% 25.4 10.8
As explained in section 2, the frequency responses under LED and LD pumping were fitted
with the model described by (2) – (4) and also assumed a triple exponential decay. The optical
bandwidths for the color converters, and the average luminescence lifetimes, were extracted from
the frequency response fits at −6 dB and plotted vs power density in Fig. 7.
We can observe that at 0.1mW/cm2 the bandwidth is around 11MHz (average lifetime of
∼25.4 ns). This doubles (halves) to around 20MHz (∼13 ns) under µLED excitation for a ∼103
factor increase in excitation power density. The relatively low bandwidth at very low pump
density (TCSPC data) is attributed to a re-absorption effect, which is known to artificially slow
the overall emission process [8]. Under µLED pumping the bandwidth continuously increases
with the power density Pd at a rate proportional to P0.11d . Two reasons can explain this increase
with Pd: (i) the overall reabsorption effect diminishes, and (ii) the probability for radiative
recombination increases as sub-levels of the ground state involved in the transition get populated
[11]. However, above 2W/cm2 the bandwidth stabilizes around 21-22MHz, probably as the color
converter nears transparency at its emission wavelength. Such bandwidth values correspond
to an average lifetime of 12-13 ns. Under LD pumping, the bandwidth increases again but at a
faster rate, proportional to P0.55d , until 2 kW/cm
2, i.e. a power slope five times than at the lower
µLED pumping density regime. Beyond this point, the bandwidth still increases, but at a slower
rate, proportional to P0.17d . The color converter’s bandwidth at 7.15 kW/cm
2 is 41MHz. Using
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Fig. 7. Bandwidth and lifetime for increasing power densities. Lower values for the TCSPC
measurement; middle values for µLED excitation; higher values for LD excitation.
Eq. (1) it is possible to relate the radiative times at low (< 2 kW/cm2) and high (> 2 kW/cm2)
power densities, by dividing the (normalized) forward efficiencies and using the lifetimes from
Fig. 7. From this we infer that the radiative lifetime at high power densities is 1.3 times that
at low power density, which indicates that the radiative lifetime may increase. Given that the
bandwidth still increases at high power densities (average lifetime decreases), despite a possible
increase in radiative lifetime, the acceleration in this regime can be ascribed to more dominant
non-radiative recombination, probably caused by multi-excitonic and temperature effects [11,40].
This increase in non-radiative recombination also explains the decrease in the relative efficiency
discussed in section 3.1. Therefore the difference in behaviour between µLED and LD pumping
comes from the significantly difference in excitation density.
3.3. OFDM VLC link at 2 different pump densities using the color converter
Using the µLED and LD as excitation sources, data communication tests over 10 cm were
conducted with the color converter pumped in different density regimes. DC biased Optical
Orthogonal Frequency Division Multiplexing (DCO-OFDM) was used as the modulation scheme.
DCO-OFDM enables an optimization of the use of the channel bandwidth by dividing it into
several orthogonal carrier frequencies, giving different weights to each one to accommodate the
Signal-to-Noise-Ratio (SNR) [41]. The µLED was DC driven at 90mA (2.15W/cm2 excitation
power density) and the LD at 150mA (7.15 kW/cm2 excitation power density), corresponding
to color converter bandwidths of 21 and 41MHz, respectively. For the DCO-OFDM signal,
an arbitrary waveform was generated oﬄine using a MatLab script. The waveform was then
loaded onto an Arbitrary Waveform Generator, which provided the AC part of the signal to a
Bias-T, while a power source supplied a DC component; this drove the excitation source. The
samples down-converted the blue emission to green, which was then focused onto an Avalanche
Photodiode (APD), which detected and transmitted the signal to a computer, where it was
demodulated and analyzed.
For µLED pumping, the APD had an area of 19.6mm2 and a bandwidth of 100MHz. Because
LD pumping led to a higher color-converted optical power and bandwidth, a smaller, faster APD
was used: 0.78mm2 with a 200MHz bandwidth. The SNR for the channel is plotted as a function
of the frequency for the µLED (red) and LD (black) excited color converter in Fig. 8. The use of
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a different APD explains the higher (10 dB) SNR at low frequency for µLED pumping. However,
in both cases the color-converter is the limiting parameter for the channel bandwidth and it can
be seen that as the frequency increases, the frequency response drops much faster under µLED
excitation than under LD excitation. Consequently, under µLED pumping, the overall channel
bandwidth that can be used, defined as the range where the SNR is positive, for DCO-OFDM is
75MHz but it is up to 160MHz for LD pumping. For LD pumping, the SNR is also above zero
in the 185-200MHz range, which can therefore be used for loading some information.
Fig. 8. SNR plot for the color converter under µLED and LD excitation used to determine
the available bandwidth. The area in gray cross-hatch corresponds to unusable carriers for
communications.
The Bit Error Rate (BER) as a function of data rates is plotted in Fig. 9(a), for both µLED
and LD pumping. Using a long pass filter with cut-off below 500 nm, the blue emission from
the source (µLED or LD) is filtered out and only the color-converted emission reaches the
detector; similar measurements were performed without any filtering of the blue light. Error-free
transmission is defined for a BER below 3.8E-3, typical for DCO-ODFM considering Forward
Error Correction can be implemented.
Enabled by the larger bandwidth under LD pumping, the color converter alone reaches an
estimated 560Mb/s, while under µLED pumping that value is lower at 380Mb/s. Given that
under the LD pumping the bandwidth of the color converter is larger (as well as output optical
power), it is understandable that the data rate is higher. While in terms of raw capability for data
transmission, a direct laser diode is an ideal choice, the color-converter approach enables the
utilisation of a unique pump source (blue or UV) for the generation of different wavelengths,
which is the approach taken in many lighting and display applications. Spectrally narrow color
converters (including in the green) are advantageous in this context to obtain a wide gamut, or
even white light, efficiently.
Without the long pass filter, the spectral contribution of non-absorbed pump light also reaches
the APD, enabling even higher error free data rates. In Fig. 9(b), the illuminance spectrum
under µLED pumping is shown. The illuminance spectra were acquired using a Labsphere
E-1000 Irradiance Head placed at the detection point, connected to an Ocean Optics USB
4000 spectrometer. The pump contribution between 390 nm and 480 nm is 0.52 lm/cm2, whilst
the green contribution between 380 and 800 nm is of 0.11 lm/cm2. This relatively large blue
component is mainly due to the set-up implementation leading a non-negligible amount of
pump light not interacting with the sample also collected by the optical system. With this pump
contribution, not only there is more power reaching the APD, the overall bandwidth available for
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Fig. 9. (a) - BER vs data rates, using a µLED pump (squares) and a LD pump (circles)
and with (blue) and without (green) a pump source contribution. (b) Illuminance spectrum
illustrating the higher contribution from the LED for the 1.14Gb/s result.
communications increases, as a consequences of the faster dynamics of the µLED [42] and LDs
[43,44]. In turn the data rates reach 1.14 and 1.5Gb/s for µLED and LD excitation, respectively.
4. Conclusions
For the first time to our knowledge, CsPbBr3 QDs in Cs4PbBr6 crystals were used as a fast
color converter (bandwidth of a few tens of MHz, i.e. 1 to 3 orders of magnitude higher than
typical phosphors), with emission at 520 nm, for VLC. Micron-sized crystal powder samples of
the CsPbBr3-in-Cs4PbBr6 QD material were integrated in a polymeric matrix for excitation by
either a µLED or LD. A study of the optical properties at different pump power density regimes
(from 0.7mW/cm2 to 7.15 kW/cm2) was conducted. The spectral emission of the color converter,
peaking at 522 nm, is narrow, with a typical 18 nm FWHM, and independent of the pump power
density. The relative efficiency measured by our set-up in the forward direction is estimated at
10% under µLED excitation, an efficiency that is maintained only at low LD excitation powers,
after which it decreases to below 5% at 7.15 kW/cm2. At low pump density and up to 3W/cm2,
the bandwidth continuously increases while the efficiency does not significantly decrease. This
bandwidth increase is attributed to band filling, which reduces re-absorption and increases the
probability for radiative recombination. The bandwidth at 3W/cm2 is 22MHz, corresponding to
an average lifetime of 13 ns. Such a lifetime is shorter than II-VI QD converters emitting at similar
wavelengths and pumped in similar conditions [8]. The efficiency is seen to drop significantly at
higher pump densities (> 2 kW/cm2) while the bandwidth increases significantly, at twice the
rate than what is seen at low density. The bandwidth reaches 41MHz, which corresponds to a
lifetime below 7 ns, at 7 kW/cm2. While the efficiency drops in this density regime the output
power still increases. Therefore, LD pumping leads to higher optical power and bandwidth,
which are beneficial for VLC, although this comes at the cost of overall efficiency.
Using either the µLED or LD as a pump source, free-space DCO-OFDM communication over
10 cm was demonstrated, achieving data rates for light from the color converter alone of 380
and 560Mb/s, respectively. The higher data rate for LD pumping is linked to the higher optical
power and bandwidths. When the optical filter blocking the unabsorbed, scattered pump light is
Research Article Vol. 9, No. 8 / 1 August 2019 /Optical Materials Express 3516
removed, both pump light and color converted light are detected by the system. In this case, data
rates of 1.14 and 1.5Gb/s are achieved for µLED and LD excitation respectively.
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